Aims Cardiac fibrosis is associated with left ventricular (LV) remodelling and contractile dysfunction in aortic stenosis (AS). The fibrotic process in this condition is still unclear. The aim of this study was to determine the role of both local and systemic inflammation as underlying mechanisms of LV fibrosis and contractile dysfunction. The diagnostic values of 2D-strain echocardiography and serum biomarkers in the evaluation of cardiac fibrosis in this condition were assessed through correlation analyses. Methods and results Patients with AS referred for surgical valve replacement were prospectively and consecutively included. They all had a comprehensive echocardiography including 2D strain. Blood samples were collected to measure cytokines and inflammatory biomarkers using Luminex bead-based assays. A per-surgical myocardial biopsy of the basal antero-septal segment (S1) was performed. Serial sections of each biopsy were stained with Sirius red. Digital image analysis was used to quantify fibrosis. Immunostainings using specific antibodies against macrophage, glycoprotein (gp) 130, and interleukin 6 (IL-6) were also performed. Patients were divided into tertiles reflecting the severity of fibrosis: mild, moderate, and severe load (TF1 to TF3). The mean age of the 58 included patients was 73 ± 11 years. Twenty-four (43%) were in New York Heart Association III-IV. Mean aortic valve area was 0.8 ± 0.2 cm 2 . Mean aortic stenosis peak velocity and mean gradient were respectively 4.5 ± 0.8 m/s and 54 ± 15 mmHg. The mean LV ejection fraction was 54 ± 12%, and the global LV longitudinal strain was À15 ± 4%. The mean S1 strain, corresponding to the biopsied region, was À10 ± 6% and was strongly correlated to fibrosis load (R = 0.83, P < 0.0001). TF3 was associated with higher mortality (P = 0.009), higher serum C-reactive protein and IL-6, and lower gp130 compared with the other tertiles (P < 0.05). IL-6 and gp130 were expressed in the heart and respectively in the plasma membrane of macrophages and in the cytoplasm of both macrophages and cardiomyocytes. During follow-up, three patients died and were all in the third fibrosis tertile. Conclusions We found a positive correlation between elevated inflammatory markers and degree of fibrosis load. These two parameters were associated with worse outcomes in patients with severe AS. Our results may be of interest especially in patients for whom a transcatheter aortic valve implantation is indicated and myocardial biopsy is not possible. Strategies aiming at preventing inflammation might be considered to decrease or limit the progression of cardiac fibrosis in patients followed for AS.
Introduction
Aortic stenosis (AS) is the leading cause of valvular heart disease worldwide. Its prevalence increases substantially with age, reaching 25% in 75 year olds.
1 AS is caused by limited opening of the aortic valve due to restricted leaflets motion that obstructs left ventricular (LV) outflow. In the long term, this leads to LV hypertrophy and tissue remodelling such as cardiac fibrosis.
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AS is associated with poor prognosis in symptomatic patients. Aortic valve replacement (AVR) is the only effective treatment. It can be achieved by surgery or by transcatheter AVR in symptomatic patients at high surgical risk.
1 Several studies have shown the beneficial effect this replacement has on LV function, functional status, and survival. 2 However, survival and quality of life varies from patient to patient and depends on the preoperative status of the heart. Different studies have indicated that fibrosis could play a role as an underlying determinant of outcomes; i.e. improving functional status and survival after AVR for AS depends on the fibrotic load of the myocardium. 3, 4 However, there is still not much research on the mechanisms underlying myocardial fibrosis in humans and how they might affect regional longitudinal function. Cardiac fibrosis involves multiples pathways such as hormonal, mechanical, and inflammatory mechanisms. 5 Inflammation has been shown to be involved in the remodelling of the aortic valve. 5 In response to inflammation, fibroblasts proliferate in the heart and differentiate to myofibroblasts. This results in the excessive production and deposition of extracellular matrix proteins. In addition to this, intercellular interactions between myofibroblasts and cardiomyocytes contribute to the adverse structural and functional abnormalities observed in different heart conditions including AS.
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Among inflammatory mediators, interleukin 6 (IL-6) is one of the major cytokines involved in valvular calcification and AS progression.
7 IL-6 seems to also play a critical role in cardiac remodelling as a response to pressure overload. In a mouse model, deleting IL-6 has been shown to attenuate LV fibrosis and prevent excessive remodelling and LV dysfunction. 8 Prior studies have shown that proinflammatory cytokines such as IL-6 are elevated in chronic heart failure and associated with poor functional status and poor prognosis. 9 In various diseases, different components of the IL-6/glycoprotein (gp) 130 receptor signalling pathway are impaired and fibrosis increases. 10 The role of IL-6/gp130 receptor signalling pathways in myocardial fibrosis and its impact on contractile function are not well elucidated.
The aim of this study was to investigate the correlation between myocardial fibrosis and regional contractile dysfunction and to highlight the link between systemic and local inflammation and myocardial fibrosis in LV dysfunction in AS.
Methods

Patient population and follow-up
Starting in December 2013 to October 2014, eligible patients with severe AS undergoing surgical AVR at the Henri Mondor Teaching Hospital were prospectively and consecutively included in the study. We enrolled patients who met the following criteria for inclusion: severe aortic stenosis (aortic-valve area ≤1 cm 2 on echocardiography)
and indication for surgical AVR according to the current recommendations validated by the heart team. Fifty-eight patients with severe aortic stenosis were included. Clinical follow-up was carried out either by clinical visits or by phone calls. The investigation conforms with the principles outlined in the Declaration of Helsinki. The protocol was approved by the institutional review board of Ile-de-France VI (CPP 05/09/2013). All participants gave written informed consent.
Echocardiography
Echocardiography was carried out during the month preceding surgery using a Vivid E9 system (GE Vingmed, Horton, Norway). All acquisitions were recorded over three consecutive cycles. Data were analysed offline using ECHOPac software (GE Healthcare). LV dimensions as well as septal and posterior wall thicknesses were measured from M-mode parasternal long-axis views. LV ejection fraction (LVEF) was measured using the Simpson biplane method from twochamber and four-chamber apical views. LV mass was determined from M-mode echocardiograms. Tricuspid and mitral annular plane systolic excursion were obtained from the M-mode apical four-chamber view. Mitral inflow recordings were obtained with pulsed Doppler and used to quantify early and late wave peak velocities and the early-to-late diastolic flow ratio. Tissue Doppler imaging at the lateral and septal mitral annulus was performed to measure the ratio between early transmitral flow and mean lateral and septal early diastolic peak tissue velocity used as an estimate of LV filling pressure. Systolic pulmonary arterial pressure was estimated by applying the modified Bernoulli equation. Longitudinal strain (LS) was computed from the standard LV apical views (two, three, and four chambers) using 2D speckle-tracking echocardiography analysis by automated function imaging (ECHO-Pac, GE Healthcare). The LS values, as defined by the American Heart Association, were obtained from each of the 17 LV segments. LV global LS was also measured as the average of all the 17 segments for each patient. 
Biopsy, histology, and immunostaining
After aortic cross-clamping, an aortotomy and excision of aortic valve leaflets, a myocardial biopsy of the basal LV was performed, and the sample was immediately fixed in formalin and processed for histological analysis. Fibrosis measurements were not taken for 23 patients: 8 patients had confounding factors (myocardial infarction, n = 3; severe mitral regurgitation associated with AS, n = 4; and cardiac amyloidosis, n = 1), 3 patients had chronic kidney disease stage ≥4 making the biomarker analysis inaccurate, 8 patients had an inconclusive biopsy (small or limited to the endocardium), and 4 patients could not have a septal biopsy (judged too risky or ethically unacceptable by the surgeon).
Paraffin-embedded 3-μm-thick sections were cut and stained with Sirius red. Images covering the whole section were taken at ×10 magnification using an optical microscope equipped with an AxioCam MRm camera. Fibrosis was quantified using ImageJ software (NIH) and expressed as % of the total area of the section. Groups were divided into tertiles of fibrosis (TF1: mild; TF2: moderate; and TF3: severe fibrosis load). Triple immunostaining was performed using the following primary antibodies (mouse monoclonal anti-IL-6 antibodies, 1/100, Santa Cruz; rabbit polyclonal anti-gp130 antibodies, 1/50, Santa Cruz; and rat anti-macrophages/ monocytes antibodies, 1/50, Merck Millipore), and the corresponding secondary antibodies conjugated to Alexa-660, Alexa-555, and Alexa-488, respectively. DAPI was used to visualize nuclei. Slides were viewed on a Zeiss 510 Meta confocal microscope in multi-tracking mode.
Blood collection and biomarkers
Venous blood was acquired in the month prior to surgery. Blood samples were centrifuged immediately at 3000 rpm for 10 min, and serum was stored as aliquots at À80°C until time of assay. A Luminex bead-based assay was designed (Bio-tech, R&D systems) to measure serum mediators potentially involved in the fibrosis process including IL-6, gp130, ST2, osteopontine, and periostine. Galactin-3 was measured using a human ELISA kit (Abcam) according to the manufacturer's instructions. Usual biomarkers were measured using turbidimetry [C-reactive protein (CRP)] or an automatized immunochemiluminescence assay (N terminal pro brain natriuretic peptide, troponin). All kits were from Roche (Roche ™ , Meylan, France).
Statistical analysis
Continuous variables are expressed as mean ± standard deviation. For exponential continuous variables, values were expressed as the median (25th and 75th percentiles). Dichotomous variables were expressed as absolute values and percentages. For continuous variables, a Kruskal-Wallis test was used when comparing more than two groups. Pearson correlation coefficient (r) was used to investigate relationships between parameters. P-values less than 0.05 were considered significant. The diagnostic performance of IL-6 to predict a high fibrosis load (TF3) was measured by calculating the area under the receiver-operating characteristic curve (AUC). A Kaplan-Meier analysis and log rank test were used to compare curves of patients with mild (T1) and moderate (T2) fibrosis vs. those with severe fibrosis (TF3). All statistical analyses were performed using SPSS software (SPSS v19.0 for Windows 2010 Inc.).
Results
Characteristics and cardiac function of patients undergoing surgical AS
Fifty-eight patients with severe AS undergoing surgical AVR were included. Their characteristics are outlined in Table 1 . Thirty-three (59%) were men. The mean age was 73 ± 11 years. Twenty-four (43%) patients were in New York Heart Association class III-IV, 32 (57%) had hypertension, 27 (48%) had a history of ischaemic heart disease, and 4 (7%) had atrial fibrillation. The median (25th and 75th quartiles) of N terminal pro brain natriuretic peptide was 613 (264; 1208) ng/L and of high sensitive cardiac troponin T (Hs-cTnT) was 13 (9; 25) ng/L. The average of peak aortic velocity was 4.5 ± 0.8 m/s, and the mean gradient was 54 ± 15 mmHg for a mean aortic valve area of 0.8 ± 0.2 cm 2 . The mean LVEF was 54 ± 12%. Global LV-LS was À15 ± 4%. It was À10 ± 6% in the basal antero-septal segment (S1) corresponding to the biopsied and fibrosisquantified area.
Cardiac fibrosis quantification
Correlations between amount of cardiac fibrosis and LV systolic and diastolic parameters, LV remodelling, and aortic stenosis severity are shown in Table 2 . Both global LV (LVEF and LV-LS) and regional (S1-LS) dysfunction were significantly correlated to the amount of fibrosis ( Table 2 and Figure 1 ). There was no difference in the severity of aortic stenosis between the tertiles. However, LVEF, global LV-LS basal, mid and S1 segment strain were significantly lower in the highest tertile ( Table 3) .
Inflammation and myocardial fibrosis in AS
Systemic and cardiac inflammation and fibrosis biomarkers
As summarized in Table 4 , TF3 patients had higher serum levels of inflammatory markers (including IL-6 and CRP) than those in the other tertiles. gp130 serum was lower in TF3 patients when compared with the other tertiles. Serum IL-6 was good at distinguishing patients with high fibrotic load (TF3) from TF1 and TF2 [AUC 0.74, 95% confidence interval (0.56-0.93)]. Interestingly, IL-6 and gp130 were highly expressed in the heart and respectively in the plasma membrane of macrophage and in the cytoplasm of both macrophages and cardiomyocytes as shown in Figure 2 .
Follow-up
The median follow-up time was 735 (703,760) days with no lost to follow-up. During this period, three patients died during the first year following surgery. It should be noted that death only occurred in patients with severe myocardial fibrosis (P = 0.009, TF1-2 vs. TF3). Description of the three patients is shown in Supporting Information, Table S1 .
Discussion
This prospective study provided us with new insights into the underlying mechanisms of cardiac remodelling, which lead to heart failure in patients with AS. We showed that there was a correlation between cardiac fibrotic load and the severity of cardiac contractile dysfunction and that this was associated with poor outcome but not the severity of AS. We also showed that there was a correlation between systemic inflammation (IL-6 and CRP) and myocardial fibrosis. Local IL-6 and gp130 could have played a role in this, as they were expressed in macrophages and cardiomyocytes. These data highlight the link between fibrosis and inflammation in LV remodelling and dysfunction in patients with AS. AF, atrial fibrillation; AVA, aortic valve surface area; GP, gradient pressure; HR, heart rate; Hs-cTnT, high sensitive cardiac troponin T; IHD, ischaemic heart disease; IVST, interventricular septum thickness; LVEF, left ventricular ejection fraction; LV-LS, left ventricular longitudinal strain; LVM, left ventricular mass; MI, myocardial infarction; NT-proBNP, N terminal pro brain natriuretic peptide; NYHA, New York Heart Association; S1-LS, longitudinal strain of segment 1 according to the American Heart Association model (the segment from where the biopsy has been taken); sPAP, systolic pulmonary artery pressure; TAPSE, tricuspid annular plane systolic excursion. Continuous variables are expressed as mean ± standard deviation and exponential variables as median (25th and 75th percentiles). 
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Fibrosis is the result of a variety of molecular processes in response to chronic pressure overload in AS where fibroblasts play a central role. Fibroblasts are present in the healthy myocardium and are essential for the regulation of the extracellular matrix to ensure normal heart function.
11 In AS, decreased myocardial perfusion, increased systolic wall stress, oxidative stress, inflammation, geometric chamber alterations, and myocardial cellular structure modifications can all cause fibroblasts to turn into myofibroblasts. These cells alter the structure and function of cardiomyocytes through direct cell contact or indirectly via the extracellular matrix. They do this by replacing the contractile tissue with fibrosis as well as by releasing soluble mediators. 12 Fibrosis is also recognized as an independent predictor of cardiac events following AVR. 3 Our study used endomyocardial biopsies to confirm these previous reports. Patients with a greater amount of fibrosis had the worst prognosis and lower contractile function recovery. Indeed, LV mass regression due to normalization of myocytes' size is expected to happen early after the relief of the pressure overload following AVR. However, remodelling of the interstitial collagen matrix might take more time or even be irreversible if diastolic stiffness persists 13 and myocyte contractility and electrophysiological proprieties alter due to fibroblast-derived mediators.
14 Our study suggests that systemic inflammation (IL-6 and CRP) is associated with higher interstitial fibrosis load. Indeed, fibrosis could cause IL-6 to be released, in turn, IL-6 secretion could be a cause of fibrosis, creating a vicious circle. The link between IL-6 and CRP has been observed in acute myocardial infarction 15 and heart failure. 16 Both markers have been associated with higher cardiac-related mortality as well as with later clinical events in patients with coronary artery disease.
15
IL-6 is known to promote activation and infiltration of mononuclear leukocytes 17 and to induce the differentiation of monocytes into macrophages. 18 The membrane-anchored form of gp130 is associated with IL-6R when IL-6 is present and is involved in the transduction of IL-6 signal. It has been suggested that soluble forms of gp130 have pleiotropic properties and may also have anti-inflammatory effects as they act as an inhibitor of the IL-6R/IL-6 complex. 19 These forms could negatively regulate the IL-6 signal by binding the soluble serum IL-6R and the IL6 in a ternary complex. Thus, negative correlation of sgp130 and serum IL6 is as one would expect: serum sgp130 is supposed to eliminate systemic IL-6. 20 Cardiac-restricted gp130 deficiency induced a pathological ventricular dilation on acute pressure overload. 21 On the other hand, constitutive activation of gp130 induces myocardial hypertrophy. 22 In a recent study, higher The bottom image shows a typical example of Sirius red staining within red myocardial fibrosis. In (B), correlation between myocardial fibrosis segment S1 longitudinal strain.
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Inflammation and myocardial fibrosis in AS levels of gp130 were suggested to be beneficial and protective in myocardial infarction. 23 However, sustained gp130 activation may also cause excess inflammation, LV rupture, and heart failure after myocardial infarction. 24 Therefore, it seems that unbalanced gp130 activity leads to maladaption and heart failure.
25
In our study, myocardial immunostaining analyses revealed that IL-6 was localized in the macrophages and gp130 was expressed on both macrophages and cardiomyocytes' plasma membranes, which supports the idea that there is a local interaction between both cells. Increased expression of cardiac gp130 seemed to have a correlation with macrophage infiltration of cardiac tissue, indicating inflammatory phenotype, in concordance with elevated systemic IL-6 level. These data also suggest that macrophages are involved in myocardial inflammation and might also have a direct impact on cardiomyocyte function. The paracrine interaction between fibroblasts and cardiomyocytes has been seen in the heart's response to pressure overload in murine model, 26 and various mediators, including IL-6, have been linked to the paracrine effects of cultured fibroblasts. 12 Our results are the first to support this theory about AS in humans. The two major intracellular signalling pathways for IL-6 already found in other diseases are (i) through a cytokine-specific receptor complex with at least one subunit of the signal-transducing protein gp130
27 and (ii) the trans-signalling pathway involving Global LV-LS (%) 
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soluble IL-6R that enables interaction with gp130. 10 In our study, serum gp130 levels were lower in the severe cardiac fibrosis group. However, cardiac gp130 staining was detected at a significantly greater intensity in the severely fibrotic group. gp130 signalling mediates several cellular processes including cell survival, apoptosis, growth, proliferation, differentiation, and survival signalling through the gp130/Jak/ STAT pathway. 28 Therefore, targeting the IL-6 pathway could be a new therapeutic strategy to slow cardiac fibrosis accumulation and LV dysfunction and to improve post-AVR outcome. IL-6R antagonists, such as the monoclonal antibody tocilizumab, are already used in other inflammatory diseases.
29
The limitations of our study are that we used per-surgical biopsies that were limited to specific areas of the endomyocardium, not necessarily representative of the whole wall's thickness. Another limitation is the study's small sample size. The full signalling pathways and molecular mechanisms were not detailed in this study. Further experimental investigations are needed to explain our findings. A particular polymorphism in the promoter region of IL-6 was shown to lead to higher systemic levels of IL-6. 30 This was not investigated in the present study. Only three patients died during follow-up. However, they were all from the TF3 group. Large-scale studies with longer follow-up are warranted to confirm our results and to perform Cox proportionate multivariable analyses.
In conclusion, myocardial fibrosis load is correlated with the serum level of IL-6 and gp130, and both proteins are expressed in the heart. Local cardiac inflammation may be a Figure 2 Representative images for monocytes/macrophage (MAB1852), interleukin 6 (IL-6), and glycoprotein (gp) 130 immunostaining in a patient with mild fibrosis (patient 1) and severe fibrosis (patient 2). Zoom of the square of patient 2 are presented in the right panel. The nuclei are stained blue with DAPI (n = 4 per each group).
Inflammation and myocardial fibrosis in AS key mechanism in the pathophysiology of cardiac fibrosis and LV dysfunction in AS. Post-AVR outcome strongly depends on the preoperative risk profile, which is dictated at least in part by cardiac fibrotic load and the inflammatory status. Further investigations are necessary to explore the molecular mechanisms underlying cardiac fibrosis deposits, especially those involving macrophage. IL-6 could be used as a biomarker of cardiac remodelling, which could in turn improve monitoring of AS patients and determine the optimal timing for AVR. It could also be considered as a therapeutic target to prevent cardiac fibrosis in AS.
